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Ballard^roft, Cherry, D. Jean White, David L. 
Maass, Dixie Peters Hybki, and Jureta W. Horton. Role 
of p38 mitogen-activated protein kinase in cardiac myocyte 
secretion of the inflammatory cytokine TNF-a. Am J Physiol 
Heart Circ Physiol 280: H1970-H1981, 2001.-This study 
examined the hypothesis that bum trauma promotes cardiac 
myocyte secretion of inflammatory cytokines such as tumor 
necrosis factor (TNF)-a and produces cardiac contractile dys- 
/NJ?aS2^ mitogen-activated protein kinase 

(MAPK) pathway. Sprague-Dawley rats were divided into 
four groups: 1) sham bum rats given anesthesia alone 2) 
sham bum rats given the p38 MAPK inhibitor SB203580 (6 
mgTkg po, 15 min; 6- and 22-h postbum), 3) rats given 
third-degree bums over 40% total body surface area and 
treated with vehicle (1 ml of saline) plus lactated Ringer 
solution for resuscitation (4 ml • kg" i- percent bum-^), and 4) 
bum rats given injury and fluid resuscitation plus SB203580 
Rats from each group were killed at several times postbum to 
examine p38 MAPK activity (by Western blot analysis or in 
r f^r^ "yocar'iial function and myocyte secre- 

tion of TNF-« were examined at 24-h postburn. These studies 
showed significant activation of p38 MAPK at 1-, 2- and 4-h 
postburn compared with time-matched shams. Burn trauma 
impaired cardiac mechanical performance and promoted 
myocyte secretion of TNF-a. SB203580 inhibited p38 MAPK 
activity, reduced myocyte secretion of TNF-a, and prevented 
cardiac deficits. These data suggest p38 
MAPK activation is one aspect of the signaling cascade that 
culminates in postbum secretion of TNF-a and contributes to 
postbum cardiac dysfunction. 

rat model of burn trauma; Langendorff perfusion; cardiac 
contraction-relaxation; tumor necrosis factor-o 

IN SEVERAL INJURY AND DISEASE STATES inflammatory cyto- 
kines such as tumor necrosis factor (TNF)-a play a 
significant role in the inflammatory sequelae that cul- 
minates in multiple organ failure. Recent studies (7- 
10, 25, 33. 39, 44. 48. 58) have shown that cardiac 
myocytes themselves secrete inflammatory cytokines 
m response to trauma or sepsis, producing myocardial 
cytokine levels that exceed those measured in the sys- 
temic circulation. In addition, cardiac secretion of the 
inflammatory cytokine TNF-a has been shown to cor- 
relate with cardiac contraction and relaxation deficits 
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(7. 25) and has been proposed to mediate cardiac defi- 
cits in burn trauma (32, 34), ischemia-reperfusion (44) 
and hemorrhagic shock (45). Anticytokine strategies 
such as monoclonal antibodies to TNF-a have had 
limited success in models of ischemia-reperfusion 
trauma, or sepsis (1. 2. 19-21). Recent approaches to 
limiting cytokine-mediated organ injury and dysfunc- 
tion have included defining the signal transduction 
pathways that regulate cytokine synthesis, with the 
goal of developing therapeutic approaches to interrupt 
specific aspects of this pathway (10). This approach 
could limit cardiodepression mediated by cardiac cyto- 
kine secretion without producing generalized immuno- 
suppression or increasing susceptibility to subsequent 
infection. 

One aspect of the signal transduction pathway that 
regulates cytokine synthesis in other cell populations 
IS the p38 mitogen-activated protein kinase (MAPK) 
Activation of the p38 MAPK signaling cascade is one of 
the mechanisms by which cells respond to environmen- 
tal stress (47). In fact, p38 was first identified as a 
protein undergoing rapid tyrosine phosphorylation af- 
ter exposure to lipopolysaccharide (LPS), a bacterial 
surface component released on host infection (28) 
Later Lee and colleagues (41) described a protein that 
was the binding site for pyridinyl imidazole compounds 
that had been shown to inhibit LPS-stimulated inflam- 
matory cytokine production (41). This cytokine-sup- 
pressive binding protein was subsequently cloned and 
was identified as p3S MAPK (42). 

While p38 MAPK plays a role in regulating inflam- 
matory cytokine production as well as many other 
cellular responses to stress, the biological conse- 
quences of MAPK activation in the heart are diverse 
and not clearly understood. Recently. p38 MAPK has 
been implicated in cardiac hypertrophy, ische- 
mia-reperfusion, and cardiomyocyte apoptosis (52, 55). 
Furthermore, Weinbrenner and colleagues (56) showed 
that upregulation of p38 MAPK activity correlates with 
ischemic preconditioning, most likely through the 
phosphorylation of heat shock protein 27 (40, 52) Some 
downstream targets of p38 MAPK activation may in- 
clude several transcription factors including activating 
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transcription factor 2 (ATF2), nuclear factor (NF)-kB 
andp53{43, 47, 51). 

Bemuse p38 MAPK activation appears to be in- 
volved in other cardiac abnormalities, it is possible 
that this MAPK may also mediate the contractile def- 
icits observed in bxirn trauma. Therefore, the purpose 
of this present study was to determine whether burn 
trauma activates p38 MAPK in the heart; in addition 
the eifects of inhibiting cardiac MAPK activity on car- 
diomyocyte secretion of the inflammatory cytokine 
TNF-a and on cardiac mechanical function were stud- 
ied. 
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MATERIALS AND METHODS 
Experimental Animals 

^ A<^jS;^ Sprague-Dawley rats (Harlan Laboratories; Hous- 
ton TX) weighing 325-360 g were used throughout the 
study. Animals were aUowed 5-6 days to acclimate to their 
surroundings. Commercial rat chow and tap water were 
available at will throughout the experimental protocol. All 
work described herein was approved by the University of 
Texas Southwestern Medical Center Institutional Animal 
<-are and Research Advisory Committee and was performed 
according to the guideUnes outlined in the "Guide for the 
Care and Use of Laboratory Animals" published by the Amer- 
ican Physiological Society. 

Catheter Placement and Burn Procedure 

Rats were briefly anesthetized with metho^orflurane 18 h 
before the bum experiment. Body hair was closely clipped 
the neck region was treated with a surgical scrub (Betadine)' 
and a polyethylene (PE) catheter (PE-50 tubing) was inserted 
into the left carotid artery with the tip advanced to the level 
ot the aortic arch. In addition, a PE catheter (PE-50) was 
placed in the right external jugular vein for administration of 
fluids. The catheters were filled with heparinized saline and 
extenonzed at the nape of the neck, and the skin was closed. 
Alter the animals had recovered fiiom the anesthesia for 
catheter placement, they were housed in individual cages 
and body temperature was maintained throughout the exper- 
unental period with a heating pad and a heating lamp. 

Hemodynamic, metabolic, and hematological measure- 
ments were collected 18 h after catheter placement (preburn 
oataj; the animals were then deeply anesthetized with me- 
thoxyflurane and secured in a constructed template device as 
previoij^ly described (3. 25, 36). The surface area of the skin 
exposed through the template device was immersed in 100°C 

f ,11 if V" "se of this technique. 

lulKhickness dermal bums comprising 40% of the total bodv 
surface area were obtained. This bum technique produces 
complete destruction of the underlying neural tissue and a 
1 ""^fp® '^u « internal body temperature of 

1-3 C. Sham bum rats were sulgected to an identical prep- 
aration except that they were immersed in room temperature 
rifi^'"' »mmersion, the rats were immediately dried, 
and each animal was placed in an individual cage; the exter - 
fmoHToo^ ''^u" connected to a swivel device 

lZln-cf I'- ""^'l'' ?"™P' Tampa, PL) for fluid 

admmistration during the 24-h postbum period (4 

^Ivtit T^'^f ^^'^ge'- solution, with one- 

^^fi,?, ?aj^"lated volume given during the first 8-h 
16 h nf^f^ ^ ? remaining volume given during the next 

S w« ^i^* 8""P' jugular 

vem was cannulated but no fluid resuscitation was adminis- 



«^ ''^j^rJ' (or sham bum) 
hemodynamic parameters including systemic blood pressure 
('S.^r^'^/'^'.^' Gould-Statham pressure transducer 
(Oould, (Jxnard, CA) connected to a model 7D PolygraDh 
h^r^i" (Gr^^^struments; Quincy. MA)] and heart rate 
^ing a model 7P4F tachycardiograph. Grass Instrumente) 
were measured. A small sample of arterial blood (0.25 ml) 

lolJ^ ^"^^"^^ '^^^ete' for measuring 

padced cell volume, hematocrit, arterial pH, and blood gases 

l^L f'^^\^^^r^.^tl^^'^'^^ a «ctal temperature 
I^t^^J^J'^ ^l^' Thermometer, Yellow Spring! 

Instruments: Yellow Springs, OH), and respiratory rate wis 
momtored by counting respiratory movement. 

Experimental Groups 

, All rats had catheters placed before inclusion in an exper- 
imental i^up. Eighteen hours after catheter placement, rats 
were randomly divided into two major experimental groups 
as R)Uows: cutaneous burn injury over 40% of the total bodv 
surface area (n = 68) or sham burn injury {n = 66) These two 
experimental groups were then subdivided such that one-half 
of the sham bums (n = 33) and one-half of the bums (n = 34) 
were given the selective inhibitor of p38 MAPK SB203580 

[4-(4-fluorophenyl).2-(4-methyl-sulfinylphenyl)-5-(4.pyridi. 
nyDimidazole. SmithKline Beecham Pharmaceuticals; 
SpTS^.?*^^'^' SB203580 was dissolved in 0.03 N 

HCl-0.5% tragacanth (Sigma; St Louis. MO) and was adminis- 
tered by oral gavage at 6 mg/kg at 15 min and 6 and 22 h after 
either bum or sham bum (4, 6). The remaining sham (n = 33) 
bum rate (n = 34) were given vehicle (0.03 N HCl-0 5% 
tragacanth) to serve as appropriate control groups. Initial stud- 
ies were designed to measure the time course of p38 MAPK 
activation after burn trauma. For these studies, three hearts 
were collected from each of the four experimental groups at 
I^M T^Tl^°!J'*' uyuiy (30 min and 1, 2. 4, 6, 12" and 
£4 h). The hearts were cleared of fat and epicardial vessels, 
tteeze-clamped m liquid nitrogen, and stored at -SO'C until 
used for immunoprecipitation of p38 MAPK for in vitro kinase 
assay or Western blot analysis. Thirty-two rats were used to 
assess ventricular function 24 h after bum trauma (Langen- 
dorff perfusion); rate (n - 8 rats/group) from each of the four 
experimental groups (sham plus vehicle, sham plus inhibitor, 
bum plus TOhide, and bum plus inhibitor) were studied. Four 
to five rate firom each of the four experimental groups were used 
to prepare cardiomyocytes 24 h after bum injury to assess 
INF-Q secretion by this cell population. The time frame selected 
to assess ventricular function and TNF-a secretion was based 
on previous studies (unpublished data) from our laboratory 
examining the time course of cardiac contractile defecte NF-kB 
activation, and myocyte secretion of inflammatory cytokines. 

Isolated Perfused Hearts (Langendorff Model) 

For studies of cardiac contraction and relaxation, awake 
animals were anticoagulated with heparin sodium (1000 
umts Elkins-Sinn; Cherry Hill. NJ) 24-h postbum (or sham 
burn) and decapitated with a guillotine. The hearte were 
rapidly removed and placed in ice-cold (4*C) Krebs-Henseleit 
'i?^^^ solution [containing (in mM) 118 NaCl. 
4 7 KCl, 21 NaHCOs. 2.5 CaCla, 1.2 MgSO^, 1.2 KH2PO4. and 
U glucose]. All solutions were prepared on the day of exper- 
imeirtal performance and bubbled with 95% 02-5% CO2 (pH 
7 4; Pop, 550 mmHg; PcOa. 38 mmHg). A 17-gauge cannula 
placed in Uie ascending aorta was connected to a buffer-filled 
reservoir for perfusion of the coronary circulation at a con- 
stant flow rate of 5 ml/min. Hearts were suspended in a 
temperature-controlled chamber maintained at 38 * 0 5°C 
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and a constant flow pump (model 911, Holter pump, Cri- 
hkom) was used to maintain perfusion of the coronary arter- 
ies by retrograde perfusion of the aortic stump cannula. 
Coronary perfusion pressure was measured and effluent was 
collected to confirm coronary flow rate. Contractile function 
was assessed by measuring intraventricular pressure with a 
salme-filled latex balloon placed in the left ventricular cham- 
ber Ufl ventricular pressure (LVP) was measured with a 
Statiiam pressure transducer (model P23 ID, GoM) attached 
to the balloon cannula; the rate of LVP rise (+dP/d^„ax) and 
tall (-dP/dfmax) was obtained using an electronic differ- 
entiator (model 7P20C, Grass Instruments) and recorded 
(model 7DWL8P, Grass Recording Instruments). 

A Frank-Starling relationship for each heart was deter- 
mmed by plotting left ventricular developed pressure (peak 
systohc pressure minus left ventricular end-diastolic pres- 
sure) and ±dP/dt^ responses to increases in preload (left 
ventncular end-diastolic volume). Because the heart rate 
vaned after bum injury, hearts were paced through an elec- 
trode attached to the right atrium (3-4 Hz, 2-10 W for 4-ms 
duration; Grass stimulator, Grass Instruments). Hearts were 
paced at twice the minimum capture voltage; thus in vitro 
heart rates were similar in all experimental groups, and 
differences in cardiac performance could not be attributed to 
bum-related differences in heart rate. In addition, ventricu- 
lar performance was assessed in all hearts as coronary flow 
rate was increased from 3 to 12 mVmin or as perfusate 
calcium concentration was increased from 1 to 8 mM. 

Cardiomyocyte Isolation 

To isolate cardiac myocytes, animals from each experimen- 
tal group were heparinized 24-h postbum and decapitated 
and the hearts were removed through a medial stemotomy 
ysrith the use of sterile techniques. The isolated heart was 
immediately placed in ice-cold calcium-free Tyrode solution 
xT^^^^i^i!"^ ^36 NaCl, 5 KCl, 0.57 MgClz, 0 33 

NaH2P04, 10 HEPES, and 10 glucose]. The aorta was can- 
nulated within 60 s, and the excised heart was perfused with 
calcium-free Tyrode solution using a Langendorff perfusion 
apparatus. Perfusion was maintained for 5 min and then 
switched to a collagenase solution, which contained 80 ml of 
calcium-free Tyrode, 40 mg of collagenase A (0.05%, Boeh- 
ringer Mannheim; Indianapolis, IN), and 4 mg of protease 

o^^^?f "^^^ ^^^^^ continuous oxygenation 
(95% 02-5% CO2). After this enzymatic digestion over a 
lO-min penod was completed, the heart was removed from 
the cannula, and the ventricular tissue was separated from 
the base of the heart. This tissue was plated in a petri dish 
contaming Tyrode solution with 100 \lU calcium and gently 
minced to increase cell dispersion over 6 min. The myocyte 
suspension was then filtered, and the cells were allowed to 
settle. This rinsing and settling step was repeated three 
times with 10 min between each step and with gentle swirl- 
ing between each step to allow myocyte separation. The 
calcium concentration of the rinsing solution was gradually 
increased during these steps from 100 to 200 |xM and finally 
to 18 mM. The cell viability was measured (Trypan blue dye 
exclusion), and cell suspensions with >85% viability were 
used for subsequent studies. Myocytes with a rodlike shape 
Clearly defined edges, and sharp striations were prepared 
with a final cell count of 5 x 10* cells-ml'-^-well*'^ (38) 



25 or 50 fig/well of LPS (from Escherichia coU; lot 65H 4053 

MI) for 18 h (CO2 incubator at 
ri" ^upematants were collected to measure myocyte-se- 
^eted TNF-ot (TNF-a, rat ELISA, Endogen; Woburn. MA). 
We previously examined the contribution of contaminating 
ceils (nonmyocytes) in our cardiomyocyte preparations using 
flow cytometry. ceU staining (hematoxylin and eosin), and 
light nucroscopy. We confirmed that <2% of the total cell 
f^^^ * myocyte preparation was noncardiomyocytes 
(33). Because our cardiomyocyte preparations were 98% 
pure, we concluded that the majority of the TNF-a measured 
cardiomyocyte supernatant was indeed cardiomyocyte 

In Vitro p38 MAPK Assay 

The in vitro kinase assay was performed on rat heart 
tissue extracts in which p38 MAPK had been immunopre- 
cipitated. Bnefly, 100 of extract was incubated with 2 ag 
p38 antibody (courtesy of Dr. M. Cobb. Dept. of Pharmacol- 
ogy, Univ. of Texas Southwestern Medical Center, Dallas. 
TX; Santa Cruz Biotechnology; Santa Cmz, CA), lysis buffer 
[containing phosphate-buffered saline (pH 7.4), 1% Nonidet 
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 mg/ml phe- 
nylmethylsulfonyl fluoride, 45 pig/pil aprotinin, 1 mM sodium 
orthovanadate. and 0.5 mM p-glycerophosphate] , and protein 
A sepharose beads for 2 h at 4''C with gentle agitation. After 
sedimentation, the protein A sepharose beads were washed 
twice with lysis buffer, twice with buffer B [containing 0 25 M 
Tris (pH 7.6) and 0.1 M NaCl], and once with kinase buffer 
[containing 20 mM HEPES (pH 8.0) and 20 mM MgCy . The 
resulting p38 MAPK immunoprecipitates were resuspended 
m 30 jlI of kinase assay reaction buffer, which contained 
kinase buffer (as indicated above) plus 50 ^lM ATP, 15 ^Ci 

li^m^^^^*^^' glutathione-S-transferase' (GST)- 

ATF2 (Upstate Biotechnology; Lake Placid. NY). The kinase 
reaction was initiated by incubating the samples at SO^C for 
30 mm. Termination of the kinase reaction was accomplished 
by sedimentation of the beads and addition of the supema- 
tant to Laemmli buffer. After the samples were boiled for 6 
mm. SDS-PAGE (12%) was used to separate the kinase 
reaction product, and autoradiography was then performed 
on the dried gel. A beta scintillation counter was used to 
quantify incorporation of radiolabel into the reaction product 



Cytokine Secretion by Cardiomyocytes 

Myocytes were pipetted into microtiter plates at 5 X 10* 
cells-ml ^;well-^ (12.well ceU culture cluster, Coming; 
Cormng, NY) and subsequentiy stimulated with either 0 10 



Western Blot Analysis 

Protein samples (30 ^g) were separated on a 12% SDS- 
polyacrylamide gel and transferred to a polyvinylidene diflu- 
onde membrane (MiUipore; Bedford. MA). The membrane 
was blocked by a 1-h incubation in a Tris-buffered saline 
solution [containing 20 mM Tris (pH 7.6). 135 mM NaCl. and 
0.1% Tween] containing 3% bovine serum albumin and 1% 
n^at dry milk. The phospho-p38 antibody or phospho-c-Jun 
NHa-terminal kinase (JNK) antibody (Santa Cruz Biotech- 
nology) was then added to the membranes at a dilution of 
1:400 and incubated for 1 h at room temperature. After the 
primary antibody incubation, the membrane was washed 
three times with Tris-buffered saline solution with 0.1% 
Tween. The secondary antibody was then added to the mem- 
brane (1:2.500. Promega; Madison, WI) and incubated for 1 h 
at room, temperature. The membrane was again washed 
tiiree times with Tris-buffered saline with 0.1% Tween. The 
bound antibodies were visualized by enhanced chemilumi- 
nescence (Amersham; Piscataway, NJ). 



CARDIAC P38 MAPK IN BURN TRAUMA 



Table 1. Hemodynamic and metabolic responses to burn trauma or to burn 
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MAP.mmHg 
HR, beats/min 
Body temperature, 'C 
PH 

Hct, % 
PCV,% 
PCO2, mmHg 
P02, mmHg 



126 ±4 
480 ±22 
38.9 ±0.3 
7.45 ±0.02 

37.4 ±2.3 

39.5 ±3.7 
29±2 

113 ±5 



145 ±3* 
516 ±12 
38.9 ±0,2 
7.54 ±0.02 
38,8 ±0.6 
43.0 ±1.4 

29±2 
117±6 



94 ±4* 
433 ±21* 
38.8 ±0.2 
7.48 ±0.01 
28.3 ±1.6* 
35.5 ±0.6* 

26 ±2* 
120 ±5 



116±6»t 

513±17t 
38.7 ±0.2 
7.51 ±0.02 
31.6 ±1.6* 
35.0 ±1.5* 
25 ±2* 
110±4 



All values are means ± SE. MAP, mean arterial nreasure- m l^oaw- iTTT ~ ' 



In Vitro Effects of MAPK Inhibitor 

To examine the cell-specific effects of MAPK inhibition on 
cardiomyocyte secretion of TNF-a, myocytes were harvested 
trom additional rats 24 h after either burn trauma (n = 5) or 
sham burn (n = 5). Myocytis (5 x 10* cells/well) were 
incubated (37'»C) for 60 min in Tyrode solution containing 1 8 
mM calcium. SB203580 (0.2 or 20 ^M) was then added, and 
the myocytes were incubated for an additional 60 min The 
supernatant was removed and replaced with fresh Tyrode 
solution containing 1.8 mM calcium. After viability measure- 
ments cells were challenged with LPS (0, 10, 25, or 50 
M.g/well). After 18 h, supernatants were collected to measure 
myocyte secret W In this manner, the cell-specific 

effects of the MAPK inhibitor on cytokine secretion by car- 
diac myocytes was assessed in vitro. 

Statistical Analysis 

All values are expressed as means ± SE. Analysis of 
variance (ANOVA) was used to assess an overall difference 
among the groups for each of the variables. Levene's test for 
equality of v^ance was used to suggest the multiple com- 
parison procedure to be used if the ANOVA was significant If 
equality of variance among the four groups was suggested, 
multiple comparison procedures were performed (Bonfer- 
roni). If inequality of variance was suggested, Tamhane's 
multiple comparisons were performed. P values <0 05 were 
considered stotistk^ significant (analysis was performed 
using SPSS for Windows, version 7.5.1). 



RESULTS 

Effects of Burn Trauma 

Survival and hemodynamic responses to burn injury 
All animals survived the respective experimental pro- 
tocols. Despite aggressive fluid resuscitation during 
^i!r\^A^ Postbum period, mean arterial blood pressure 
(MABP) was significantly lower in rats with burns 
compared with that measured in the sham burn rats 
(Table 1). Packed cell volume and hematocrit fell sig- 
nificantly in all burn rats, and this hemodilution was 
attributed to the aggressive fluid resuscitation afler 
bum trauma (Table 1). 

Cardiac function after burn trauma. Cardiac con- 
traction and relaxation deficits occurred in burns de- 
spite aggressive fluid resuscitation. As shown in Table 
2, LVP, ±dP/d^xnax, left ventricular developed pressure 
at 40 mmHg, the time to peak tension, time to 90% 
relaxation of the ventricle, and the time to -dP/d/„,ax 
were significantly lower in burn rats than values mea- 
sured m sham burn rats. In addition, burn-mediated 
cardiac contractile deficits were evident from the left 
ventricular function curves. As seen in Fig. 1, Frank- 
Stariing relationships calculated for burn rats were 
shifted downward and rightward compared with those 
calculated for vehicle-treated shams. In addition, burn 



Table 2. 



p38 MAPK inhibitor alters cardiodynamic responses to burn trauma 



LVP, mmHg 
+dP/dfm«t, mmHg/s 
-dP/dfmax, mmHg/s 
LVDP40, imnHg/s 
TPP, ms 
RTdo, ms 

Time to +dP/dr„«x, ms 
Time to -dP/d/n»«. ms 
CPP, mmHg 
CVR, mmHg/s 
HR, beats/min 



Vehicle-Treated 
Sham 



88±3 
2.192 ±32 
1.776 ±68 
1,987 ±23 
78.9 ±1.1 
74.6 ±2.0 
45.9 ±1.8 
45.0 ±1.6 
49.2 ±3.4 
9.87 ±0.67 
256 ±18 



Sham + p38 
MAPK Inhibitor 



91±3 
2,050 ±71 
1,725 ±25 
1,900 ±71 

84.0 ±4.1 
82.5 ± 6.0 
52.5 ±2.0 
46.2 ±1.4 
50.5 ±3.3 

10.1 ±0.7 
266 ±7 



veni^c^TZirT - ventricular pressure; +dP/d/„^ and -dP/dt^ 

ve^cular developed pressure at 40 mmHg; TPP, time to peak oresT^e- RrJTf ^m^^ 

between bum groups, P < 0.05 (unpaired Student ^-test). 



Vehicle-Treated 
Bum 



65 ±5* 
1,321 ±117* 

999 ±91* 
1.249 ±110* 

88.0 ±3.9* 
82.9 ±2.0* 

49.1 ±1.2 
40.3 ±0.5* 
52.9 ±6.6 
10.6 ±1.32 
252 ±13 



Bum + p38 
MAPK Inhibitor 



80: 
2,067: 
1,625 : 
1.845 : 
88.8: 
83.3: 
57.0 2 
50.0 i 
46.8:! 
9.35:! 
258: 



:2t 
:lllt 
:52t 
:l24t 
3.0"^ 
2.7* 
2.4*t 
0.2t 
6.6 
0.32 
4 



rate of LVP rise and fall, respectively; LVDP40, left 
90% relaxation; CPP. coronary perfusion pressure; 
(ANOVA and Bonferroni). tSignificant difference 
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0.03 0.06 0.08 0.1 
Left Ventricular Volume (ml) 



0.03 0.06 0.08 0.1 
Left Ventricular Volume (ml) 



0.03 0.06 0.08 0.1 
Left Ventricular Volume (ml) 



Fig. 1. Left ventricular developed pressure (LVP) calculaterf fmm .„.* i- 

pressure and the rate of LVP rise (n^dP/dW Md faU f-^/rf* from peak systolic pressure minus end-diastolic 
volume) In =8 animals/group). All vXesl^e melnsV c?c/S^l'^?'"''f* ^ ma-eases in preload (ventricular 
comparison procedun. (Wetilt •sKLrdl^:^^^^^ ANOVA and a multiple 



trauma decreased ventricular responses to increases in 
coronary flow rate (Fig. 2) and to increases in perfusate 
calcium levels (Fig. 3). 

p38 MAPK activity after bum trauma. To determine 
whether bum upregulated cardiac MAPK activity, hearts 
were collected at several time points after bum injury As 
measured by V^estem blot, upregulation of p38 MAPK 
actjvTty was observed as early as 1-h postbum (Fig. 4, A 
and H); this bum-mediated increase in p38 MAPK activ- 
ity was confirmed by a specific p38 MAPK assay (Fig 4C) 
Sixty mmutes after bum trauma, p38 activity had in- 
creased from 1.28 ± 0.15 measured in the sham bum rats 
D \ oo°,I??L^^'*^^® measured in the bum rats. 
Peak p38 MAPK activation occurred 2-h postbum per- 
sisted through 4-h postbum. and retumed to baseUne 
values 6-h postbum (Pig. 40. 

Effects of MAPK Inhibition on Hemodynamic and 
L.araiodynamic Function 

To determine whether upregulation of p38 MAPK 
plays a role in cardiac dysfunction after bum trauma 
the specific p38 MAPK inhibitor SB203580 was admin- 
istered with aggressive fluid resuscitation from burn 

?R9^^^Bn ^ ^^^'i" ^/f" ^^^^ "^"^ treated with 

bB203580 to provide suitable controls. p38 MAPK in- 
hibition in sham bum rats did not alter MABP. body 
n!3^'*^5if^^°'" feasure of acid-base balance com- 
pared with those values measured in vehicle-treated 



sham rats (Table 1). While heart rate tended to in- 
crease after SB203580 administration in shams, this 
increase did not achieve statistical significance. Ad- 
mimstration of the MAPK inhibitor in sham animals 
^i*^'" ^y^' -<lP/d^n,ax, time to peak tension, time 
to 90% relaxation, time to ±dP/d<;„„, coronary perfusion 
pressure, or coronaiy vascular resistance. Similarly ad- 
ministrabon of the inhibitor in shams did not alter ven- 
tncular responsiveness to increases in left ventricular 
vohame, increases m coronary flow rate, or increases in 
perfusate calcium concentration (Figs. 1-3). 

MAPK inhibition in bum rats tended to improve MABP 
but MABP remained significantly lower than values 

mIdv '5^*^^.?^?^^®°-*'"®^'®'^ sham rats. Inhibiting 
M^KCby SB203580) in bum rats significantly improved 
i^Vi* and ±dP/d<™ax, whereas bum-mediated changes in 
trnie to peak pressure, time to 90% relaxation of the 
ventricle, and time to +dP/df„„ persisted. In addition, 
administration of SB203580 in bums significantly im- 
proved LVP and ±dP/di„„ responses to increases in 
ventricular volume (Fig. 1) and improved ventricular 
responsiveness to increases in either coronary flow rate 
(Fig. 2) OK to increases in perfusate calcium (Fig. 3). 

Effects of MAPK Inhibition on Cardiac MAPKIJNK 
Activity after Burn Trauma 

To ensure that SB203580 blocked the MAPK path- 
way m the heart, p38 MAPK activity was determined 
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Fig. 4. Burn trauma activates p38 mitogen-activated 
protein kinase (MAPK) in the heart. A: Western blot 
analysis using an antibody that recognizes only the 
active, phosphorylated form of p38 MAPK (p-p38) indi- 
cated that upregulation of p38 MAPK activity occurred 
at 2-, and 4-h postburn. B: densitometric analysis of 
pooled anti-active p38 MAPK Western blots. *Signifi. 
cant increase in p38 MAPK activity (as indicated by p38 
activity) m bum versus time-matched sham rats at 1- 
2-. and 4-h postburn, P < 0.05. C: in vitro p38 MAPK 
assay confirmed that burn trauma promoted activation 
of p38 MAPK (indicated as p38 activity) at 1-, 2-, and 
4-h postburn. *Significant difference between burn and 
sham rats, P < 0.05. 
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m cardiac tissue harvested from the SB203580-treated 
iRQn'^^n"^^ (SB203580.treated shams and 

fSrSJAl?;*^^'®'^.^'™ "^^s^- ™8 inhibitor abolished 
pd8 MAPK activation at all times after bum injury: there 
were minunal effects of SB203580 in time-matched sham 
bum animals (Fig. 5, A and5). These data determined by 



Time (Hours) 



Western blot were confirmed by an in vitro p38 MAPK 
^ addition, there was no effect of 
&13203580 on bum-mediated activation of JNK (Fig. 5A) 
>yhereas bum trauma increased JNK activity in cardiac 
tissue. SB203580 had no significant effect on the bum- 
mediated increase in JNK activity. 
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Effects of MAPK Inhibition on Cardiac Myocyte 
Secretion of TNF-a 

Primary cardiac myocytes were isolated from all 
qRonQ^^T*"'?*^ ' F""^^^ (vehicle-treated sham, 
bB203580-treated bum rats). As shown in Fig 6 

TMP ^''fn'^i.^n myocyte secretion of 

TNF-a (P < 0.05). Administration of the MAPK in- 
hibitor durmg the postburn period significantly re- 
duced this burn-mediated TNF-a response. Further- 
more, MAPK inhibition during burn trauma 
produced cardiomyocyte TNF-a levels that were com- 
parable to those measured in SB203580-treated 
sham burn rats. 

As shown in Fig. 7, cardiomyocytes from vehide- 
? 1 ejcpenmental groups responded to in vitro 
LPS challenge ;^ith a dose-dependent increase in 
TNF-a secretion (P < 0.05). However, cardiomyo- 
cytes harvested from vehicle-treated burn rats se- 
creted significantly more TNF-a at each LPS concen- 
tration compared with the TNF-a responses measured 
m "myocytes prepared fi-om vehicle-treated sham rats 

SB203«5«n ift ^r^y^^ prepared from rats given 
bt(203580 after bum trauma had reduced TNF-a re- 



sponses to LPS challenge with significantly less 
TNF-a secreted at each LPS dose compared with 
those values measured in vehicle-treated burn rats 
\P < 0.05). 
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Fig. 6. Bura trauma produced a significant rise in cardiac myocyte 
secretion of tumor necrosis factor (TNF)-a at /> < 0.05 All values are 
means ± SE. •Significant difference among groups, P < 0.05. *In 
VIVO adimnistration of the MAPK inhibitor SB203580 significantly 
reduced bum-mediated cytokine secreUon by cardiac my wytes 
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Fig. 7. Cardiac myocytes from vehicle-treated experimental groups 
responded to an in vitro lipopolysaccharide (LPS) challenge with a 
significant and dose-dependent increase in TNF-a secretion. All 
values are means ± SE. *Significant increase in cjtokine secretion 
with LPS challenge compared with values measured in the respec- 
tive experimental groups in the absence (0) of LPS. fWithin each in 
vitro experimental challenge (i.e., at each LPS dose), in vivo admin- 
istration of SB203580 reduced cardiomyocyte secretion of inflamma- 
tory cytokine by myocytes from both sham and bum rats (ANOVA 
and repeated measures). 



In Vitro Effects of MAPK Inhibition on 
Cardiomyocyte Cytokine Secretion 

Because the in vivo administration of the p38 MAPK 
inhibitor may affect cytokine production in both the 
reticuloendothelial system as well as by cardiac myo- 
cytes, the cell-specific effects of SB203580 on cardiac 
myocyte secretion of TNF-a v^rere examined. This was 
accomplished by the in vitro addition of SB203580 to 
myocytes prepared from either sham burn or burn rats. 
The viability and morphological characteristics of myo- 
cytes harvested after exposure to either Tyrode solu- 
tion alone or Tyrode solution containing SB203580 
were nearly identical. As shown in Fig. 8, exposure of 
myocytes to SB203580 before LPS challenge signifi- 
cantly decreased myocyte secretion of TNF-a regard- 
less of a previous bum injury. These data indicate the 
effects of p38 MAPK inhibition on TNF-a secretion 
were specific to the cardiac myocytes. 

DISCUSSION 

The data from this present study showed that burn 
trauma upregulated cardiac p38 MAPK activity, pro- 
moted secretion of the inflammatory cytokine TNF-a 
by cardiomyocytes, and impaired cardiac mechanical 
function. The in vivo administration of the selective 
p38 MAPK inhibitor SB203580 decreased bum-in- 
duced MAPK activity in the myocardium, abolished 
burn-mediated secretion of TNF-a by cardiac myo- 
cytes, and prevented postbum cardiac contractile dys- 
function. In addition, in vitro treatment of cardiac 
myocytes with SB203580 inhibited the cytokine re- 
sponse elicited by LPS challenge. 

We and others (34, 37, 48) confirmed that inflamma- 
tory cytokines such as TNF-a impair several aspects of 



cardiac contraction and relaxation. Further evidence 
that TNF-a produces cardiac contractile dysfunction 
has been provided by studies showing that 75-TNF 
receptor linked to the Fc portion of IgG-1 (an anti-TNF 
strategy) ablated systolic and- diastolic cardiac dysfunc- 
tion after experimental burn trauma or sepsis (24, 25) 
and in isolated hearts challenged with TNF-a (34). 
Because TNF-a mediates, at least in part, the cardiac 
mechanical defects that have been shown to occur after 
burn trauma, it was reasonable to expect that inhibit- 
ing one aspect of the signal transduction pathway that 
regulates TNF-a transcription and translation would 
provide a measure of postbum cardioprotection. In- 
deed, our finding that SB203580 inhibited cardiomyo- 
cyte secretion of TNF-a and prevented burn-mediated 
cardiac dysfunction is consistent with studies by Cain 
and colleagues (9). who reported that SB203580 dimin- 
ished ischemia-induced TNF-a secretion and improved 
postischemic function in isolated atria trabeculae. 

Because burn trauma elicits a systemic inflamma- 
tory cascade by stimulating cjrtokine synthesis in both 
cells of the reticuloendothelial system as well as in 
cardiac myocytes, the in vivo administration of 
SB203580 would likely interrupt several aspects of 
postburn inflammation. The question of whether this 
inhibitor would specifically target cardiac myocyte se- 
cretion of TNF-a was addressed by the in vitro studies 
where myocytes were pretreated with SB203580 before 
LPS challenge. The p38 MAPK inhibitor directly sup- 
pressed cytokine secretion elicited by LPS challenge of 
cardiac myocytes, suggesting that SB203580 can tar- 
get cardiac myocytes. 

Although little is known about the signaling path- 
way by which a cutaneous burn injury transmits an 
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Fig. 8. These data describe the in vitro treatment (0.2 itM 
SB203580) of cardiac myocytes harvested after either sham or* bum 
injury (24-h postburn). The addition of SB203580 to cardiac myo- 
cytes prepared from either sham or burn rats blunted the TNF 
secretory response to in vitro LPS challenge. All values are means ± 
SE. ^Significant increase in cytokine secretion with LPS challenge 
compared with values measured in the respective experimental 
groups in the absence of LPS. fWithin each in vitro experimental 
challenge (i.e.. at each LPS dose), SB203580 reduced cardiomyocyte 
secretion of inflammatory cytokine by myocytes from both sham and 
bum rats (ANOVA and repeated measures). 
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extracellular stimulus to the nucleus to trigger an 
mflammatory response by cardiac myocytes, the data 
from this present study suggest that this pathway 

Iq 7n ^'L"1ffx^^ ^^"^""^ P^^^ous studies (17, 18. 
^y, jy, 46, 54) proposed a significant role for LPS in 
this signaling cascade. It is well recognized that burn 
trauma promotes loss of gut mucosal barrier inteeritv 
and translocation of bacteria. While we failed to show a 
sigmficant rise in serum LPS levels after bum trauma 
(unpubhshed data), the idea that LPS initiates a signal 
^^'^^r^xT?^'°'^ pathway that cuhninates in cardiomyo- 
cyte TNF-a secretion has not been ruled out. In addi- 
tion to LPS, it is clearly recognized that cutaneous 
burn promotes the formation of several reactive oxveen 
species (ROS) (31, 36), and several studies have sug- 
gested that ROS alter several aspects of inflammatonr 

S^Sf^n'-^^"''^- P"^ administration of 

&B^03580 in our study may have altered many of the 
upstream events, providing an indirect means of inter- 
rupting MAPK activation. There are no data, to our 
knowledge, regarding the effects of SB203580 on sut 
barrier function, LPS-LPS binding protein bindingfor 
free radical generation. In this regard, Clerk and coi- 
fed' (12-14, 50) showed that ROS activate p38 
MAFK pathway m cultured cardiac myocytes. Alterna- 
tively, emigration of activated leukocytes from the cor- 
onary microcirculation (35) or coronary endothelium- 
denved TNF-a (11) may serve as the initiating 
stimulus for postbum TNF-a secretion by cardiac my^ 
cytes. Because several putative burn-derived extracel- 
lular signals have been shown to activate p38 MAPK in 
other experimental models, our current finding that 
burn trauma upregulated the p38 MAPK pathway was 
not surpnsmg. 

1 7^^^ ^^^^^ transduction cascade that regu- 
lates TNF-a synthesis and secretion by cardiac myo- 
cytes has not been defined in burn trauma, synthesis of 
inflammatory cytokines such as TNF-a by macro- 
phages has been studied in considerable detail. In the 
macrophage population, LPS complexes with LPS 

^rroofr^^'u ^"'^ ^'""^ *° ^D14 (27, 57). Geppert et 
al. (23) have shown that the LPS-generated signal is 
then transmitted to regulate TNF-a transcription via 
the ras/raf-l/mitogen-activated protein or extracellular 
signal-regulated kinase (ERK) kinase (MEK)/ERK1 2 
fw'^i^^tr^^^l-.^^^^'y- Swantek et al. (53) showed 
that JNK activities are upregulated by macrophage 
exposure to LPS. In the present study, cardiomyoqrtis 
related from bum rats secreted significantly more 
TNF-a in response to LPS challenge than myocytes 
prepared from sham bum rats, and this effect was 
blocked by p38 MAPK inhibition with SB203580 

The MAPK inhibitor SB203580 is a pyridinyl imidia- 
zole compound with potent inhibitory effects on cyto- 
fane production by LPS-stimulated human monocytes 
and thp-l cells (a human monocytic cell line) (22, 42) 
in addition, the pyridinyl imidiazoles exhibit anti-in- 
nammatory eflFects in several animal models (41) and 
^!iu^.r'' ^V^"^ beneficial effects in experi- 
S fi^ftf?^l*" experimental endotoxin shock 

l4-b, 4b), Although the specificity of SB203580 for p38 
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MAPK has been established by an absence of inhibi- 
tory effects of this compound on various other kinases 
(15), recently SB203580 was shown to inhibit JNK S 
rat neonatal ventricular myocytes. In these myocytes 
the ICso for p38 MAPK and JNK was 0.07 31-10 
liM, respectively (14). Because 0.2 pM SB203580 was 
employed m this study, it was likely that this com- 
pound was specific for p38 MAPK at the dosage used 
However, we chose to examine the effects of SB203580 
on JNK activity in our model of burn trauma. Whereas 
bum injury produced significant JNK activation 1- and 
^-h postburn, this activity was not inhibited by in vivo 
^^™"^?tr.^tion of SB203580. confirming the selectivity 
of this inhibitor for p38 IktAPK 

While this present study confirms that burn trauma 
activates p38 MAPK in the myocardium, the down- 
stream substrates for this kinase group within the 
n^filrAPTf"" undefined. One potential target in the 
p38 pathway is the redox-sensitive transcrip- 

tion factor NF-kB. Nuclear translocation of NF-kB has 
been shown to occur in the heart after burn trauma 

iVfl MA?>S-'"^'^.°"^ ^'"'^'^^ ^^3' ^^^e confirmed that 
p38 MAPK activity promotes NF-kB activation in sev- 
eral tissues. Because NF-kB is one of the transcription 
factors involved in TNF-a gene transcription, it is 
i'^fi^J 1^"^ trauma and p38 MAPK upregulation 
l^^ l *® °^ inflammatory cytokines via a 

XNl'-KU-dependent mechanism. In addition API a 

^!r™"P*^°" ^ also activated by p38 

MAPK, may play a role in the transcriptional regula- 
tion of postburn inflammatory cytokine production It 
IJ'^s A/fipTT considered that the upregulation of the 
p38 MAPK pathway after burn trauma may induce 
inflammatory enzymes such as inducible nitric oxide 
synthase and cyclooxygenase-2 as well as the increased 
expression of adhesion proteins such as vascular cellu- 
lar adhesion molecule-1 (5, 16, 26, 49). 

While much of the previous work ' examining the 
activation and regulation of p38 MAPK pathway used 
noncardiac myocyte cells, this pathway is likely of 
primary importance in the myocardium under stressful 
conditions such as ischemia and reperfusion, trauma 
with blood loss, and burn trauma. The data from this 
present study clearly indicate that this kinase pathway 
is activated by burn trauma, and activation of this 
pathway occurs early in the postburn period (1 h) and 
occurs before other signaling events within the myo- 
cardium, such as nuclear translocation of NF-kB and 
cardiomyocyte secretion of TNF-a (32). Clear definition 
of the p38 MAPK pathway, including delineating up- 
stream activators of this pathway as well as down- 
stream targets, will likely provide potential sites for 
therapeutic intervention after msgor traumatic irgury. 
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